Inflammation promotes the progression of alcoholic liver disease. Alcohol sensitizes KCs to gut-derived endotoxin (LPS); however, signaling pathways that perpetuate inflammation in alcoholic liver disease are only partially understood. We found that chronic alcohol feeding in mice induced miR-155, an inflammatory miRNA in isolated KCs. We hypothesized that miR-155 might increase the responsiveness of KCs to LPS via targeting the negative regulators of LPS signaling. Our results revealed that KCs that were isolated from alcohol-fed mice showed a decrease in IRAK-M, SHIP1, and PU.1, and an increase in TNF-a levels. This was specific to KCs, as no significant differences were observed in these genes in hepatocytes. We found a causal effect of miR-155 deficiency on LPS responsiveness, as KCs that were isolated from miR-155 KO mice showed a greater induction of IRAK-M, SHIP1, and suppressor of cytokine signaling 1 after LPS treatment. C/EBPb, a validated miR-155 target, stimulates IL-10 transcription. We found a higher induction of C/EBPb and IL-10 in KCs that were isolated from miR-155 KO mice after LPS treatment. Gain-and loss-of-function studies affirmed that alcoholinduced miR-155 directly regulates IRAK-M, SHIP1, suppressor of cytokine signaling 1, and C/EBPb, as miR-155 inhibition increased and miR-155 overexpression decreased these genes in LPS or alcohol-pretreated wildtype KCs. HDAC11, a regulator of IL-10, was significantly increased and IL-10 was decreased in KCs that were isolated from alcohol-fed mice. Functionally, knockdown of HDAC11 with small interfering RNA resulted in an IL-10 increase in LPS or alcohol-pretreated Mf. We found that acetaldehyde and NF-kB pathways regulate HDAC11 levels. Collectively, our results indicate that the alcoholinduced responsiveness of KCs to LPS, in part, is governed by miR-155 and HDAC11.
Introduction
ALD is manifested in the form of steatosis and inflammation; inflammation is the major component of ALD. Among the many factors that contribute to the pathogenesis of ALD, gut-derived LPS plays a central role in the initiation of steatosis, inflammation, and fibrosis in the liver [1] [2] [3] [4] . At the cellular and molecular level, LPS is recognized by the TLR4 complex and induces specific intracellular activation pathways [5] [6] [7] . TLR4 activation is fundamental for the development of immunity, and the role of LPS in ALD has been demonstrated in several studies [4-6, 8, 9] . When excess amounts of LPS are not cleared efficiently by the liver and accumulate in blood circulation, innate immune cells, including KCs (liver Mf), become activated, which results in the release of various proinflammatory cytokines, chemokines, and other factors [5] [6] [7] . Alcohol-mediated responsiveness of KCs to gut-derived LPS is a major component in the pathogenesis of ALD. On the basis of these studies, the currently accepted model of ALD is that KC activation by gut-derived LPS leads to the induction of chemokines and the up-regulation of the inflammatory cascade that represents an essential component of the pathomechanisms of ALD [6] .
Ethanol changes the sensitivity of KCs to LPS and there is ample evidence that acute alcohol treatment results in immunosuppression and LPS tolerance [10] [11] [12] , whereas chronic alcohol exposure sensitizes KCs to LPS to promote inflammation [6, 11, 13] . An initial LPS exposure to second LPS was shown to lead to LPS tolerance that is a result of the induction of various negative regulators of the TLR4 pathway, such as IRAK-M, SOCS1, SHIP, and ST2 [14, 15] . It has also been shown that TLR4/LPS tolerance can be lost because of a decreased expression of the negative regulators of TRL4 signaling [15] [16] [17] [18] [19] .
TLR4 activates two signaling pathways via the recruitment of adaptor molecules. Recruitment of the common TLR adaptor, MyD88, leads to rapid activation of NF-kB and increased TNF-a production, whereas recruitment of TRIF activates tank-binding kinase 1/inhibitor of kB kinase-e and IFN regulatory factor 3, which results in the production of type I IFNs and delayed NF-kB activation [9] .
The severity of the clinical outcome of acute alcoholic hepatitis and death correlates with serum levels of proinflammatory cytokines, particularly TNF-a [20] ; therefore, better understanding of the pathways that perpetuate and sustain inflammation in ALD is essential for designing interventions in this disease. Here, we hypothesized that chronic alcohol treatment inhibits the negative regulators of the TLR4 pathway by inducing the molecular signature of TLR4 tolerance via microRNA and histone modifications, thereby resulting in KC activation to an inflammatory phenotype.
In recent years, microRNAs have emerged as regulators of immune response via the targeting of multiple molecules of the TLRs pathway [14, 21, 22] . Among miRNAs, miR-155 is widely studied and has been shown to be rapidly induced by LPS to promote inflammation by targeting SHIP1 [23, 24] , SOCS1 [25] , and TNF-a [26] . Previously, we demonstrated that alcohol activates miR-155 to induce inflammation in Mf [27] , and miR-155 KO mice showed protection from alcohol-induced inflammation and steatosis [28] . Here, we hypothesized that alcohol-induced miR-155 inhibits negative regulators of the LPS/TLR4 pathways in KCs and, thus, promotes inflammation. There are a myriad of TLR regulators and, to be specific, in this study, we focused on miR-155 target genes (SHIP1, SOCS1, and PU.1) that are known to be involved in inflammation and regulators of TLR4 signaling [23, 25, 29] .
Our results indicate that miR-155 was increased in isolated KCs and hepatocytes after an alcohol diet. Chronic alcohol diet caused a decrease in IRAK-M, SHIP1, SOCS1, and PU.1 levels only in isolated KCs and but not in hepatocytes. KCs that were isolated from miR-155-deficient mice showed a higher induction of negative regulators of the TLR4 pathway (IRAK-M, SHIP1, and SOCS1) after LPS treatment. miR-155 inhibition by using miR-155 inhibitor oligonucleotide resulted in increases in IRAK-M, SHIP1, SOCS1, and C/EBPb, whereas overexpression of miR-155 with miR-155 mimic oligonucleotide caused decreases in IRAK-M, SHIP1, SOCS1, and C/EBPb in LPS or alcohol-pretreated plus LPS-challenged KCs.
KCs are the major sources of IL-10-the most potent immunosuppressive cytokine [30] . Induction of IL-10 from activated KCs can shift their function from immunity to tolerance and, thus, the loss of LPS sensitization [31] . Alcohol treatment was shown to have effect on histone modifications (HATs and HDACs) [32] [33] [34] ; however, the in vivo cell-specific effects of alcohol on HDACs are not well defined. It was recently demonstrated that HDAC11 could negatively regulate the expression of IL-10 in murine RAW264.7 Mf [35] . Here, we hypothesized that alcohol affects HDAC11 to regulate IL-10 and promote responsiveness of KCs to LPS. We investigated the expression of various HDACs and found that chronic alcohol diet specifically increased HDAC11 in KCs and functionally regulated IL-10 transcription.
MATERIALS AND METHODS

Animal studies and liver cells isolation
All animals received humane care in agreement with animal protocols approved by the Institutional Animal Care and Use Committee of the University of Massachusetts Medical School. C57BL/6J female mice (8 wk old) were divided into 2 groups, alcohol or control (pair) diet (n = 15 mice/ group). Alcohol-fed mice received the Lieber-DeCarli diet (Bio-Serv, Flemington, NJ, USA) with 5% (v/v) ethanol (32.4% alcohol-derived calories) for 5 wk as described [27] . Pair-fed control mice received an equal number of calories as alcohol-fed mice, and alcohol-derived calories were substituted with dextran-maltose. miR-155 KO mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) and the colony was maintained in the animal facility at the University of Massachusetts Medical School. For KC isolation, mice were administered anesthesia with ketamine (100 mg/kg), followed by perfusion as previously described [27] . In brief, livers were perfused with saline solution for 10 min followed by in vivo digestion with liberase enzyme for 5 min. The perfused liver was placed in a petri dish that contained liberase enzyme, and cells were released by separating the liver lobes and were incubated at 37°C for 30 min for in vitro digestion as described [27] . Parenchymal cells were removed by centrifugation at low speed (200 g) at room temperature. Nonparenchymal cells were separated by percoll gradient and centrifuged for 25 min at 800 g at room temperature. The intercushion fraction was washed 3 times with PBS that contained 2% FBS at 4°C. Cells were plated in 12-well plates and cultured in low-glucose DMEM with 10% FBS. After 3-4 h of plating, nonadherent cells were washed with PBS 2 times and fresh medium was added. As a result of the limited number of KCs, cells from 3-4 mice were pooled. KCs were treated with or without LPS (100 ng/ml) for 6 h and harvested for RNA analysis. Cell-free supernatant was collected and stored at 280°C for ELISA. For LPS sensitization experiment, KCs were isolated from chow-fed WT or miR-155 KO mice and treated with LPS (100 ng/ml) for 18 h. For TNF-a treatment, KCs were isolated from chowfed WT mice and treated or not with TNF-a (10 ng/ml) for 6 h.
For hepatocyte isolation, livers were perfused with saline solution for 10 min, followed by in vivo digestion with liberase enzyme for 5 min as described [36] . Perfused liver was placed in a petri dish and cells were released by separating liver lobes at room temperature. The suspension was centrifuged at low speed (200 g) for 5 min at room temperature. The pellet that contained hepatocytes was washed 2 times with PBS and cultured in low-glucose DMEM medium (10% FBS + antibiotics) that contained insulin, transferrin, and selenium and placed on collagen-coated 6-well plates as described [36] . After 3-4 h of plating, nonadherent cells were removed and washed with 13 PBS for 2 times and fresh medium was added. On the next day, cells were treated or not with LPS (100 ng/ml) for 6 h and, at the end of treatment, cells were washed 2 times with PBS and lysed with Qiazole (Qiagen, Germantown, MD, USA), incubated at 4°C for 20 min on rocker, and stored at 280°C for further analysis.
Cell culture and reagents RAW 264.7 Mf were cultured and maintained in Dulbecco's modified highglucose medium (Thermo Fisher Scientific, Waltham, MA, USA) that contained 10% FBS (HyClone Laboratories, Logan, UT, USA) at 37°C in a 5% CO 2 atmosphere. Cells were either treated or not with 50 mM alcohol and incubated in a Billups-Rothenburg chamber with twice the alcohol concentration in the bottom of the chamber to saturate the chamber and maintain a stable alcohol concentration (50 mM) as previously described [27] . LPS (Escherichia coli strain 0111:B4) was purchased from Sigma-Aldrich (St. Louis, MO, USA). RAW 264.7 Mf were stimulated with LPS (100 ng/ml), 50 mM alcohol, or were pretreated with alcohol and then challenged with LPS at the times indicated in the figure legends.
RNA analysis
Total RNA was isolated with miRNeasy isolation kit (Qiagen). The quality and quantity of RNA were measured by Nanodrop. cDNA synthesis was carried out by using iScript kit (Bio-Rad, Hercules, CA, USA) in an Eppendorf mastercycler (Eppendorf, Hamburg, Germany). Real-time quantitative PCR was performed by using the iCycler (Bio-Rad) as described and relative expression was calculated by using comparative threshold cycle (Ct) method [36] . Cq value for the target gene was normalized to 18S rRNA Cq and relative expression was calculated by DDCt method [36] . Primer sequences of genes have been described previously [28] . For miRNA analysis, TaqMan miRNA assays were employed (Thermo Fisher Scientific) and snoRNA202 was used as a normalizer control [36] .
ELISA
TNF-a and IL-10 were measured in cell-free supernatants by ELISA kits according to manufacturer instructions (BD Biosciences, San Jose, CA, USA).
Transfection
For miR-155 inhibition, KCs were transfected with either negative control miRNA or miR-155-specific inhibitor at 50 nM (Applied Biosystems, Foster City, CA, USA) using RNAi max transfection reagent (Thermo Fisher Scientific) [27, 28] . For miR-155 overexpression, KCs were transfected with either negative control or miR-155-specific mimic at 5 nM (Applied Biosystems) using RNAi max transfection reagent (Thermo Fisher Scientific). Some cells were treated or not with 50 mM alcohol for 48 h. Some cells (naive or alcohol) were challenged with LPS (100 ng/ml) for the last 18 h of the experiment. For knockdown of HDAC11, RAW 264.7 Mf were transfected with either control or HDAC11 siRNA at 10 nM (Applied Biosystems) using RNAi max transfection reagent (Thermo Fisher Scientific) [10] . After transfection, cells were treated or not with 50 mM alcohol for 72 h. Some cells (naive or alcohol) were challenged with LPS (100 ng/ml) for the last 6 h of the experiment.
Dual-luciferase gene reporter assay
Dual-luciferase assay was performed according to manufacturer protocol (Genecopoeia, Rockville, MD, USA). In brief, a segment of the 39-UTR of IRAK-M gene that contained the miR-155 binding site (MmiT035717-MT05; Genecopoeia) was cloned into a pEZX-MT05 vector with Gaussia luciferase and SEAP reporter driven by a CMV promoter (Genecopoeia). Raw Mf were cotransfected with IRAK-M 39-UTR target sequence expression plasmid (Genecopoeia) with either mmu-miR-155 mimic or miRNA mimic negative control (Thermo Fisher Scientific) using Lipofectamine RNAi-max transfection reagent per manufacturer protocol (Thermo Fisher Scientific). After 24 h of transfection, medium was changed and cells were treated with either LPS (18 h before the end of experiment) or alcohol (48 h) or alcoholpretreated (30 h) and LPS (18 h)-challenged cells. Both the Gaussia luciferase activity and internal control SEAP activity were determined 48 h posttransfection in culture medium of the same samples by using Genecopoeia's Secrete-Pair Dual Luminescence Assay Kit. This kit is designed to analyze the activities of Gaussia luciferase and SEAP in a dual-reporter system. The activity ratio of Gaussia luciferase to SEAP was set to 100 for the control mimic transfected sample with expression vector against which the activity of the cotransfection sample was compared.
Western blot analysis
At the conclusion of the experiment, RAW Mf were washed twice with PBS and lysed in RIPA buffer that contained protease and phosphatase inhibitors [28] . The suspension was incubated on ice for 15 min, then centrifuged at 13,000 rpm for 10 min. Supernatants were stored at 280°C and used for SDS-PAGE as described [28] . The following Abs were used: IRAK-M (Millipore, Billerica, MA, USA), SHIP1 (Cell Signaling Technology, Danvers, MA, USA), and HDAC11 (Thermo Fisher Scientific). b-Actin (Abcam, Cambridge, MA, USA) was used as loading control.
Alcohol metabolite inhibition assay
To determine the mechanism by which alcohol increases HDAC11/miR-155 in Mf, we used various alcohol-metabolizing inhibitors, cyanamide (an ALDH inhibitor), alcohol dehydrogenase inhibitor, 4-methylpyrazole, ERK/MAPK inhibitor (PD98059), and MG-132 (NF-kB inhibitor) as described previously [37] . After 1 h of inhibitor treatment, cells were treated with or without alcohol (50 mM for 72 h). At the end of the experiment, cells were washed 2 times with 13 PBS and total RNA was extracted and analyzed for HDAC11 and miR-155 expression by q-RT PCR.
Statistical analysis
Data are presented as means 6 SE and statistical analysis was performed by using either Student's t test (2-tailed) or Mann-Whitney U test according to data distribution. P , 0.05 was considered significant.
RESULTS
KCs have decreased expression of negative regulators of the TLR4/LPS signaling pathway in ALD
Animal and human studies suggest that ALD is associated with increased endotoxin (LPS) levels in the portal and systemic circulation and that increased LPS contributes to alcoholic steatohepatitis [1] [2] [3] [4] . LPS is a TLR4 ligand that initiates inflammatory cytokine activation in immune cells and has a wide range effects on various cell types in different organs [5, 38] . The effect of chronic alcohol feeding on the negative regulators of LPS signaling, such as IRAK-M, SHIP1, and SOCS1, in liver Mf (KCs) is not well defined. We have previously shown that miR-155 was induced by chronic alcohol in Mf both in vitro and in vivo [27] . miR-155 promotes inflammation and is involved in M1 Mf phenotype [39] . In this study, we studied KCs from livers with ALD, which are characterized by liver steatosis, increased liver damage (alanine aminotransferase), and inflammation as previously described [27] . Here, we found that chronic alcohol diet increases miR-155 in KCs and that an in vitro LPS challenge further augmented the alcohol-induced increase in miR-155 compared with KCs that were isolated from pair-fed mice (Fig.  1A) . We hypothesized that alcohol-induced miR-155 inhibits the negative regulators of the TLR4/LPS pathway in KCs, thereby promoting inflammation.
We found that KCs that were isolated from alcohol-fed mice had a significant decrease in the expression in the levels of miR-155 target genes, IRAK-M (Fig. 1B) , SHIP1 (Fig. 1C) , and PU.1 ( Fig. 1E ), compared with KCs from pair-fed mice (control KCs). An in vitro LPS treatment resulted in an additional significant decrease in SHIP1 mRNA expression in KCs that were isolated from alcohol-fed mice compared with control KCs (Fig. 1C) . SOCS1 levels displayed a nonsignificant decrease after alcohol diet (Fig. 1D ). We also determined C/EBPb levels-validated miR-155 target gene-and found no significant difference in KCs that were isolated from mice with alcohol-fed diet compared with pair-fed controls, whereas in vitro LPS treatment significantly increased its levels in KCs that were isolated from mice fed with alcohol diet (Fig. 1F ). TLR4 activates 2 signaling pathways via MyD88 and TRIF and activates NF-kB differentially [9] ; therefore, we investigated these TLR4-regulated genes and found up-regulation of MyD88 (Fig. 1G ) but not TRIF (Fig. 1H ) mRNA levels in KCs that were isolated from alcohol-fed mice. LPS treatment further increased MyD88 (Fig. 1H ) but not TRIF (Fig. 1I ) mRNA levels in KCs that were isolated from pair-fed or alcohol-fed mice. We next assessed proinflammatory cytokine, TNF-a, production. Compared with control KCs, a higher production of TNF-a was detected in KCs of alcohol-fed mice that were treated with or without LPS (Fig. 1I) .
It has been previously shown that TNF-a treatment induces miR-155 levels [26] ; therefore, we investigated the effect of TNF-a on the expression of miR-155 and the negative regulators of TLR4 signaling in KCs that were isolated from WT mice (chowfed mice). We found that TNF-a treatment significantly increased miR-155 levels but that there was a significant decrease in the levels of its target genes, IRAK-M and SOCS1 mRNA (Fig. 1J) . No significant change was observed in SHIP1 and PU.1 mRNA after TNF-a treatment (Fig. 1J) .
Hepatocytes exhibited an increase in MyD88 and TRIF mRNA levels in ALD To confirm whether this phenomenon was specific to KCs, we isolated hepatocytes from mice that received the alcohol or pairfed diet for 5 wk. Chronic alcohol diet resulted in an induction of miR-155 in isolated hepatocytes (Fig. 2A) ; however, no significant changes were observed in IRAK-M (Fig. 2B), SHIP1 (Fig. 2C) , SOCS1 (Fig. 2D) , and PU.1 (Fig. 2E ) mRNA levels (miR-155 target genes) compared with hepatocytes that were isolated from pair-fed mice, which suggested a cell-specific regulation of the TLR4 signaling inhibitory genes in KCs. Our results indicated that in vitro LPS treatment caused a significant increase in miR-155 levels in pair-or alcohol-fed mice ( Fig. 2A) , and a significant decrease in SHIP1 mRNA levels was detected in hepatocytes that were isolated from pair-fed but not alcohol-fed mice (Fig. 2C) , Figure 1 . KCs have decreased expression of the negative regulators of TLR4/LPS signaling in ALD. C57BL/6J WT mice (n = 15/group) were fed with Lieber DeCarli diet that contained either 5% ethanol or isocaloric control diet for 5 wk. At the end of the regimen, KCs were isolated and cultured in DMEM medium as indicated in Materials and Methods. The next day, cells were treated or not with LPS (100 ng/ml) for 6 h and harvested for RNA isolation, and cell-free supernatant was used for ELISA. (A) Total RNA was used to quantify miR-155 levels with TaqMan miRNA assay, and SnoRNA202 was used to normalize Cq values. (B-H) mRNA expression of IRAK-M (B), SHIP1 (C), SOCS1 (D), PU.1 (E), C/EBPb (F), MyD88 (G), and TRIF (H) was evaluated by quantitative PCR. 18S was used to normalize Cq values. (I) TNF-a levels were determined from cell-free supernatants with ELISA. KCs were isolated from chow-fed WT mice and treated or not with TNF-a (10 ng/ml) for 6 h, and total RNA was isolated. (J) Expression of miR-155, IRAK-M, SHIP1, SOCS1 and PU.1 was evaluated by quantitative PCR as indicated above. ns, nonsignificant. Data are presented as means 6 SEM. *P , 0.05 vs. KCs isolated from pair-fed mice.
with a significant increase also in SOCS1 levels in hepatocytes that were isolated from either pair-fed or alcohol-fed mice (Fig.  2D) . No significant changes were observed in IRAK-M and PU.1 after LPS treatment in hepatocytes that were isolated from either control or alcohol-fed mice. We also checked other TLR4-regulated genes, MyD88 and TRIF, and found significant increases in MyD88 (Fig. 2F) and TRIF (Fig. 2G ) mRNA levels in hepatocytes that were isolated from alcohol-fed mice compared with control mice. We detected a further significant increase in MyD88 and TRIF ( Fig. 2F and G) mRNA levels after in vitro LPS treatment in hepatocytes that were isolated from pair-fed and alcohol-fed mice. TRIF levels were further increased by LPS in hepatocytes that were isolated from alcohol-fed mice (Fig. 2G) . We next evaluated protein levels of IL-10 and found that LPS treatment induced IL-10 levels to a similar extent in hepatocytes that were isolated from either control or alcohol-fed mice (Fig. 2H) .
miR-155-deficient KCs respond to LPS with robust induction of the negative regulators of the TLR4 pathway/signaling
Our results indicate that negative regulators of the LPS/TLR4 pathway (IRAK-M and SHIP1) were decreased and miR-155 was increased in KCs that were isolated from alcohol-fed mice (Fig.  1) . miR-155 was shown to promote inflammation via modulation of SHIP1 and SOCS1 in other disease models [23, 25] . To determine the effect of miR-155 deficiency on these genes, we isolated KCs from WT and miR-155 KO mice and treated them with or without LPS for 18 h. In LPS-challenged KCs, we found a greater induction of IRAK-M (Fig. 3A) and SOCS1 (Fig. 3C) in KCs from miR-155 KO mice compared with WT-KCs (KCs isolated from WT mice). LPS treatment caused a significant decrease in SHIP1 mRNA levels in WT-KCs, and this decrease was prevented in KCs that were isolated from miR-155 KO mice (Fig.  3B) . These results suggest that miR-155 deficiency in KCs caused an anti-inflammatory phenotype.
Release of IL-10 and the subsequent induction of sustained activation of STAT3 are critical anti-inflammatory feedback mechanisms in Mf after LPS treatment [40] [41] [42] . We found a significantly higher induction of IL-10 ( Fig. 3D ) and STAT3-a well-known miR-155 target gene (Fig. 3E )-in KCs that were isolated from miR-155 KO mice compared with WT-KCs after LPS treatment. miR-155 does not have a direct binding site at the 39-UTR of the IL-10 gene; therefore, to find the possible mechanism by which miR-155 affects IL-10, we searched for miR-155 direct target genes that may regulate IL-10. It has been shown that the transcription factor, C/EBPb, binds to the IL-10 promoter and stimulates its transcription [43] . C/EBPb is a validated target of miR-155 [44] . We hypothesized that the increased production of IL-10 in miR-155 KO-KCs is a result of an increase in C/EBPb levels. Consistent with our hypothesis, we found significantly increased induction of C/EBPb in KCs that were isolated from miR-155 KO mice compared with WT-KCs after LPS treatment (Fig. 3F) . Surprisingly, no significant differences were observed in TNF-a gene expression between Figure 2 . Hepatocytes exhibited an increase in MyD88 and TRIF mRNA levels in ALD. C57BL/6J WT mice (n = 8/group) were fed with Lieber DeCarli diet that contained either 5% ethanol or isocaloric control diet for 5 wk. At the end of the regimen, hepatocytes were isolated and cultured in low-glucose DMEM medium as described in Materials and Methods. The next day, cells were treated or not with LPS (100 ng/ml) for 6 h and harvested for RNA isolation. genotypes (Supplemental Fig. 1A ). These results suggest that miR-155 promotes sensitization to LPS via the regulation of various genes of the TLR4 pathway and accelerates inflammation.
miR-155 regulates negative regulators of TLR4 signaling after LPS or alcohol pretreatment
To test for gain and loss of miR-155 function, we carried out mechanistic studies in KCs that were isolated from WT mice by using a specific inhibitor or mimic of miR-155. We found that transfection of the miR-155 mimic caused a significant increase in miR-155 levels and that the miR-155 inhibitor significantly reduced miR-155 levels in KCs (Supplemental Fig. 1B) . Our results indicate that miR-155 inhibition caused an increase in IRAK-M, SHIP1, SOCS1, and C/EBPb levels in LPS or alcoholpretreated, LPS-challenged cells (Fig. 4A-D) . In contrast, overexpression of miR-155 caused a significant decrease in IRAK-M, SHIP1, SOCS1, and C/EBPb levels in LPS or alcohol-pretreated, LPS-challenged cells (Fig. 4A-D) . We found that LPS treatment resulted in an increase in IRAK-M, SHIP1, and C/EBPb levels in KCs that were transfected with a negative control inhibitor, and this increase was further significantly augmented in KCs that were transfected with an miR-155 inhibitor (Fig. 4A-D) . Compared with negative control mimic-transfected KCs, miR-155 overexpression resulted in a significant decrease in the LPSinduced increases in IRAK-M (Fig. 4A), SHIP1 (Fig. 4B) , and C/EBPb (Fig. 4D ) levels. miR-155 overexpression in alcoholtreated KCs resulted in a significant decrease in IRAK-M (Fig. 4A) and SOCS1 (Fig. 4C ) levels compared with control mimictransfected KCs. Alcohol pretreatment for 30 h significantly decreased LPS-induced increases in IRAK-M (Fig. 4A ) and SHIP1 levels (Fig. 4B) . miR-155 inhibition in alcohol-pretreated, LPSchallenged KCs resulted in a significant increase in IRAK-M (Fig.  4A), SHIP1 (Fig. 4B), SOCS1 (Fig. 4C) , and C/EBPb (Fig. 4D ) levels compared with control inhibitor, whereas overexpression of the miR-155 mimic resulted in a significant decrease in these genes ( Fig. 4A-D) . Consistent with our previous finding that miR-155 regulates TNF-a [27] , we found that the inhibition of miR-155 led to a decrease in TNF-a protein levels and that overexpression of miR-155 resulted in an increase in TNF-a protein levels in LPS or alcohol-pretreated, LPS-challenged KCs (Fig. 4E) .
IRAK-M is a direct target of miR-155 in Mf
To confirm that, indeed, miR-155 directly targets IRAK-M, we carried out the 39-UTR reporter assay in Mf. Dual-luciferase reporter assay was performed to test the interaction of miR-155 and its targeting sequence in the IRAK-M 39-UTR by using constructs that contained the predicted targeting sequence (vector + mimic miR-155). Our results show that miR-155 mimic transfection suppressed the luciferase activity of the GLuc-IRAK-M-39-UTR clone by more than 30% in control, LPS, alcohol, or alcohol-pretreated, LPS-challenged Mf (Fig. 4F) . We also assessed IRAK-M and SHIP1 protein levels after miR-155 overexpression in RAW Mf ( Fig. 4G and H) and found that miR-155-overexpressed cells demonstrated a decrease in IRAK-M (Fig. 4G) or SHIP1 (Fig. 4H) protein levels in naive, LPS, or alcohol-treated Mf ( Fig. 4G and H) . No significant changes were found in alcohol-pretreated, LPS-challenged cells. These various mechanistic studies signify a role for miR-155 in the alcoholinduced sensitization of KCs to LPS, at least in part, via regulation of these negative regulators of TLR4 signaling.
Chronic alcohol-induced HDAC11 promotes the LPS responsiveness of Mf via regulation of IL-10
KCs are the major source of IL-10, the most potent immunosuppressive cytokine [30] . Because we found an increase in TNFa levels in KCs after alcohol diet, we evaluated the gene levels of IL-10 and found that KCs that were isolated from alcohol-fed mice showed a decrease in IL-10 mRNA expression (Fig. 5A) . LPS treatment increased IL-10 gene expression in KCs from pairfed mice, and a significant attenuation in LPS-induced IL-10 was observed in KCs from alcohol-fed mice (Fig. 5A) . IL-10 gene transcription is regulated by various factors, and, recently, HDAC11 was shown to negatively regulate the gene expression of IL-10 in murine RAW 264.7 Mf [35] . Thus, we hypothesized that alcohol affects HDAC11 to regulate IL-10 gene transcription and promote the sensitization of KCs to LPS. We next investigated HDAC11 levels and found that alcohol diet significantly increased HDAC11 mRNA levels in KCs (Fig. 5B) . Furthermore, LPS treatment significantly decreased HDAC11 expression in KCs that were isolated from pair-fed mice, whereas a significant increase in HDAC11 expression was still observed in KCs from alcohol-fed mice after LPS treatment (Fig. 5B) . Our results suggest that alcohol specifically induces HDAC11, as gene levels of other HDACs, such as HDAC1, were either decreased (Fig.  5C ) or not effected (HDAC3) in KCs (Fig. 5D ). We also found that alcohol induces HDAC11 mRNA levels in KCs and not in hepatocytes that were isolated from alcohol-fed mice (Fig. 5E ).
To determine the functional role of HDAC11 in ALD, we knocked down HDAC11 by using an siRNA approach in RAW 264.7 Mf (Fig. 6A) . We found the cells that were treated with HDAC11 siRNA showed significant reduction at the mRNA (Fig.  6A ) and protein levels (Fig. 6B ) of HDAC11. Our results reveal that knockdown of HDAC11 by using specific siRNA resulted in an increase in IL-10 gene transcription in naive, LPS, alcohol, or alcohol-pretreated, LPS-challenged RAW cells compared with control siRNA-treated cells (Fig. 6C) . As a consequence of the increase in IL-10 transcription in HDAC11 siRNA-treated cells, we found a reduction in TNF-a protein levels in LPS or alcoholpretreated, LPS-challenged RAW cells (Fig. 6D) . These results suggest that HDAC11 also plays a role in the alcohol-induced sensitization of Mf to LPS via IL-10 regulation/inhibition.
Next, to determine the mechanism by which alcohol regulates HDAC11 and miR-155, we used various alcohol-metabolizing inhibitors. Acetaldehyde is metabolized to acetate by the ALDH enzyme, and we found that cyanamide (an ALDH inhibitor), and MG-132 (an NF-kB inhibitor) treatment caused a significant decrease in alcohol-induced HDAC11 levels in Mf (Fig. 6E) . Alcohol dehydrogenase inhibitor, 4-methylpyrazole, and ERK/ MAPK inhibitor (PD98059) showed no significant effect on alcohol-induced HDAC11 mRNA levels (Fig. 6E) . These results suggested that acetaldehyde and NF-kB regulate HDAC11 mRNA levels. Consistent with our previous findings [27] , we observed that only MG-132 (the NF-kB inhibitor) had a significant effect on alcohol-induced miR-155 levels (Fig. 6F) .
DISCUSSION
Inflammation is a central component in ALD. TLR4 is the major pathogen recognition receptor that is involved in the detection of gram-negative bacteria and associated endotoxins (eg, LPS and lipid A) [5] [6] [7] . Gut leakiness by alcohol triggers LPS release into the circulation. The importance of gut-derived LPS in ALD has been demonstrated by several independent studies in which treating mice either with antibiotics or with lactobacilli to remove or reduce gut microflora provided protection from ALD [45, 46] . Continuous LPS exposure can lead to the activation of KCs, which results in the production of proinflammatory cytokines and chemokines, thereby promoting inflammation. The duration of ethanol exposure changes the sensitivity of KCs and monocytes to LPS. Acute ethanol treatment induces tolerance, whereas longer and/or prolonged ethanol treatment results in the sensitization of KCs and monocytes to LPS [11, 47] ; however, the precise mechanism by which chronic alcohol brings about the switch from tolerance to sensitization in KC plasticity is not well known. Here, we show that alcohol modulates various or pretreated with ethanol (30 h) and challenged with LPS (18 h). After 48 h of transfection, cells were harvested and lysed with RIPA buffer that contained protease and phosphatase inhibitors. (G and H) Whole-cell lysate was used for Western blot analysis to detect IRAK-M (G) and SHIP1 (H) protein levels. b-Actin was used as loading control. Data are presented as means 6 SEM. *P , 0.05 vs. KCs treated with either lipofectamine or control miRNA inhibitor; # P , 0.05 between LPS and AL + LPS-treated KCs. negative regulators of the TLR4 pathway by affecting miR-155 and HDAC11 to sensitize KCs to LPS and promote inflammation. We found that KCs that were isolated from alcohol-fed mice demonstrated a decrease in IRAK-M, SHIP1, and PU.1-the negative regulators of the LPS/TLR4 pathway-and an increase in TNF-a production. We demonstrate that miR-155, an inflammation-promoting miRNA, was increased after alcohol diet in isolated KCs. Functionally, we showed that IRAK-M is a direct target of miR-155 in KCs and the miR-155 regulates SHIP1, SOCS1, and C/EBPb in the alcohol-induced sensitization of KCs to LPS. Furthermore, we show that alcohol affects HDAC11 to regulate IL-10 gene transcription in KCs and functionally provide the evidence of a role for HDAC11 in ALD.
The sensitization of monocytes/Mf to LPS to induce immune cell activation has a biologic and clinical significance. Immune cell activation is a well-established phenomenon in alcoholic patients, and several studies suggest that patients with alcoholic hepatitis exhibited increased LPS levels in the circulation [48] [49] [50] .
Both TLR4/LPS tolerance and the sensitization of monocytes/ Mf are associated with molecular signatures of the TLR4 pathway. LPS tolerance via the TLR4 pathway has been shown to induce various negative regulators, such as IRAK-M, ST2, SOCS1, short version of MyD88 [51] , and SHIPs [52] . These regulators inhibit TLR-mediated signaling and, thus, switch Mf to an immunosuppressive, LPS-tolerant phenotype. The interplay of signaling molecules and transcription factors can reverse the Mf phenotype from activation to immunosuppressive/tolerant and vice versa [53] .
Acute and chronic alcohol exposure have differential effects on the TLR4 pathway. In previous studies, we have shown that acute alcohol treatment induces TLR4 tolerance via activation of various negative regulators, such as IRAK-M, Bcl-3, SOCS1, and IL-10, and down-regulation of NF-kB and TNF-a in human monocytes/Mf [10] [11] [12] . Here, we show that prolonged alcohol exposure results in the loss of expression of the negative regulator molecules of TLR signaling via miR-155 in KCs.
We observed only significant decreases in SHIP1 levels after an in vitro LPS treatment, but not for other miR-155 target genes (IRAK-M, SOCS1, and PU.1). It is possible that LPS treatment in alcohol-fed KCs had an effect on other signaling molecules/ pathways independent of miR-155, and, hence, the increase of miR-155 had no further effect on these genes. In addition, it is possible that the duration of LPS treatment has different kinetic effects on these genes and we have only one treatment point. Chronic alcohol-mediated sensitization of KCs to gut-derived LPS is a major component in the pathogenesis of ALD [3, 7] . miR-155 is a central regulator of immune responses, and various studies have provided evidence that miR-155 promotes inflammation by regulating various genes of the TLR4 signaling pathway, such as SOCS1, SHIP,1 TNF-a, and STAT3 [23] [24] [25] [26] 54] . miR-155 has also been implicated in various inflammation-related diseases, such as autoimmune inflammation [55] , atherosclerosis [56] , or cancers [57] . Recently, we demonstrated a role for miR-155 in alcoholicand nonalcoholic-induced steatohepatitis [28, 58] . In agreement with a role for miR-155 in the promotion of inflammation, we found, in this study, a higher induction of the negative regulator of LPS/TLR4 signaling (IRAK-M, SHIP1, and SOCS1) in miR-155-deficient KCs after in vitro LPS challenge. In contrast to LPS challenge, we found different kinetic effects for the negative regulator of LPS/TLR4 signaling after TNF-a treatment in KCs that were isolated from WT mice (chow-fed diet; Fig. 1J ). TNF-a treatment caused a significant increase in miR-155 level, a subsequent significant decrease in IRAK-M and SOCS1 mRNA levels, but no significant changes in mRNA levels of SHIP1 and PU.1. In contrast, LPS treatment caused a significant decrease in SHIP1, an increase in SOCS1 level, but no significant changes in IRAK-M mRNA level. Our observations suggest that the negative regulators of LPS/TLR4 signaling respond differently to diverse stimuli.
IL-10 is an important mediator of anti-inflammatory activities and is a general suppressive cytokine that regulates and represses the production of various proinflammatory cytokines, including TNF-a [30] . STAT3 is also crucial for the transmission of antiinflammatory signals in Mf to overcome endotoxic shock. Sensitization toward LPS and IL-10 mediates the sustained activation of STAT3 to mediate anti-inflammatory effects [40, 53] . Consistent with these findings, we observed a higher increase in IL-10 and STAT3 (miR-155 validated target gene) in miR-155-deficient KCs after LPS challenge, which suggests that the absence of miR-155 in KCs causes anti-inflammatory effects. We also provided the evidence that increased production of IL-10 in miR-155-deficient KCs after LPS challenge was a result of the effect of miR-155 its target gene, C/EBPb transcription factor [43] . It has been shown previously that C/EBPb, via binding to the IL-10 promoter, increases its transcription [43] , and we found increased C/EBPb gene levels in KCs that were isolated from miR-155 KO mice. Remarkably, no significant differences were found in TNF-a gene expression in KCs that were isolated from WT or miR-155 KO mice after in vitro LPS challenge. This could be a result of either the impairment in signaling pathways in miR-155 KO mice or because miR-155 KO-KCs respond differently after in vitro LPS challenge than in in vivo conditions.
Our loss-and gain-of function studies also revealed that miR-155 regulates the sensitization of KCs to LPS. miR-155 inhibition caused an increase, whereas overexpression of miR-155 resulted in a decrease in IRAK-M, SHIP1, SOCS1, and C/EBPb levels in KCs that were treated either with LPS or alcohol-pretreated, LPSchallenged cells. Our results also revealed that miR-155 regulates IRAK-M and SHIP1 at the protein level. Furthermore, dualreporter luciferase assay confirmed that IRAK-M is a direct target of miR-155 in Mf. Of note, we did not observe appreciable changes in C/EBPb mRNA after miR-155 inhibition in alcohol only-treated cells. We also did not find any significant changes at the protein level for IRAK-M and SHIP1 in alcohol-pretreated, LPS-challenged Mf; however, there were appreciable changes at the protein levels of IRAK-M and SHIP1 in naive, LPS, or alcoholtreated Mf. This could be a result of the fact that alcohol-and LPS-treated cells had already reached saturation and miR-155 overexpression had no additional effect at the protein level of these genes. Consistent with our previous findings [27] , here we found miR-155 regulates TNF-a positively as miR-155 inhibition caused a decrease, whereas miR-155 overexpression resulted in a significant increase in TNF-a protein levels. On the basis of these results, we propose that alcohol-induced miR-155 modulates IRAK-M, SHIP1, SOCS1, and C/EBPb levels to regulate KC sensitization to LPS. KC activation has been identified as one of the key elements in the pathogenesis of alcoholic steatohepatitis, and our results signify the role of miR-155 in KCs to promote inflammation.
Although we observed an increase of miR-155 in hepatocytes that were isolated from alcohol-fed mice, no significant differences were found in genes that are involved in LPS/TRL4 signaling, which suggests that miR-155 has a functional role in regulating these genes in KCs. Recently, we have shown that in hepatocytes miR-155 regulate fat accumulation by targeting PPRE (PPAR response element) signaling [28] , which suggests a cell-specific effect for miR-155. PU.1 is a miR-155 target [29] and is important in regulating monocyte-to-macrophage differentiation. Recently, a role for PU.1 in promoting an alternative Mf phenotype was demonstrated [59] , and our results revealed a decrease in PU.1 in KCs after alcohol diet. In addition, we recently showed that miR-155 levels were decreased in KCs under M2 polarizing conditions [28] , which affirmed a role for miR-155 in promoting inflammation in ALD.
TLR4-mediated responses are regulated by two adaptor proteins, MyD88 and TRIF. A recent study revealed that TRIF promotes hepatic steatosis but inhibits injury in diet-induced steatohepatitis, which suggests that the TRIF pathway contributes to hepatic steatosis, but negatively regulates hepatic injury, inflammation, and fibrosis [60] . Our results revealed greater changes in the mRNA levels of MyD88 and TRIF in hepatocytes than in KCs after alcohol diet. Furthermore, in vitro LPS treatment augmented TRIF mRNA levels in hepatocytes that were isolated from alcohol-fed mice. Our results also revealed increased production of IL-10 protein in hepatocytes that were isolated from alcohol-fed mice. The cell-specific roles of TRIF and MyD88 require additional investigation in ALD. Although we observed an increase in miR-155 in hepatocytes, we did not find any significant changes in other TLR4 regulators-IRAK-M, SHIP1, SOCS1, and PU.1-in hepatocytes after alcohol diet. This could be due to the fact that miR-155 regulation of its target genes is cell and stimuli specific. In KCs. it promotes inflammation by regulating TLR4 signaling genes. Recently, we have shown that miR-155 in hepatocytes promotes fat accumulation by targeting peroxisome proliferator-activated receptor (PPAR) signaling [28] . It has been shown previously that LPS treatment of hepatocytes increased SOCS1 levels, and it has been suggested that hepatocytes are desensitized by LPS in a TLR4 signaling-dependent manner [61] . Consistently, we also found a significant increase in SOCS1 in hepatocytes that were isolated from pair-fed or alcohol-fed mice after LPS treatment (Fig. 2D); however, there was no significant difference in SOCS1 mRNA expression between naive and alcohol-fed hepatocytes.
Our current study was focused on liver resident Mf. Consistent with our results, it has been previously shown that bone marrow-derived Mf, when treated in vitro with alcohol (0, 25 or 50 mM) for 5 d followed by 6 h of stimulation with LPS, demonstrated increases in TNF-a, MIP-1a, MIP-2, and KCs [62] . This study further supports our notion that alcohol pretreatment sensitizes cells to an LPS challenge.
In recent years, the effect of alcohol on histone modifications (HATs and HDACs) has been revealed [32] [33] [34] ; however, the in vivo cell-specific effect of alcohol on HDACs is not well defined. Our results suggest that chronic alcohol feeding specifically induces the expression of only HDAC11 and not that of other HDACs in KCs. In addition, the effect of alcohol on HDAC11 was specific to KCs as no significant change in HDAC11 was found in hepatocytes. HDAC11 is shown to negatively regulate IL-10 to limit its transcription in RAW 264.7 Mf [35] . In our study, we found increased HDAC11 and decreased IL-10 transcription in KCs that were isolated from alcohol-fed mice. The relationship of HDAC11 and IL-10 in the context of ALD was further validated in our functional studies, as knocking down HDAC11 with siRNA resulted in an increase in IL-10 transcription in alcoholpretreated, LPS-challenged RAW Mf. Our results also revealed that HDAC11 expression is modulated by alcohol metabolites (an ALDH) and the NF-kB pathway.
In summary, on the basis of the results of this study, we provide various evidence that chronic alcohol modulates miRNA-155 and HDAC11 to increase LPS responsiveness in KCs (Fig. 7) . 
